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PION AND MUON DECAYS BEYOND TIiE STANDARD MODEL

Peter lIerczeg

Theoretical Division

Los Alamos National Laboratory

Los Alamos, New hfexico 87545

ABSTRACT

We revi~w nnd discuss thF inftmlllati(m pr(wi(lml by chnrgml

pion aucl Inuou d~cays on physics l)ey(md Ille Inillilnal stalltlnrd

IIWM.
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2. MUON DECAYSINTO NEUTRINOS

2.1. p+ ~e++neutrinm

In the minimal sta?lciard model 2) the Illaiu decay Illmle of tlieIIIUOII (~~+

for definiteness) is due to W-exchange an(l proceeds as

}1+ --+ r+ I’rvu (1)

where Ve and UP are massless Icft-handml lleutril]os accolnpanyiilg, respectively,

the left-handed electron and the left -ha::dec! ]uuon ill doublet rcpresmltatious of

SLl(2)~. The effective il~tcraction describing ( I ) is t lie J’-A lIalllilt(}niaus)

wllcre (;F = (92/~mfv )(1+~r); Jr arer~~iative~~rre~tioll~”oIIItilef~Jlowillg

we Shati refer to the process U+ -+ e+ + ncufrtnos simply as “IIIU(J1l-(l~cay .”5’

In extensions of the mitlirnal staudar(i model the itlteraction resp{]l~sil)le for

muon-decay may include new components ( for ●xnmple new V,A iutmnctions,

or contributions from S,P, T couplings). The neutrino stntrs ●littml in n~uotl-

(iecay may also be Illore invoive~i: tile Ilellt rillos lllay i)e illassiv~ ferllli{}lls ( Ijirfi:-

or \lajora]la)$ au(i liIc neutrino gmugc-grollp ri~enstmtrs Illay Iw Il{)t I)art. i{-ulnr

ll]ftss-eigen states, hut linear conll}inatiol~s of thmli.

(iecay interaction is (iescribed I)y t ile l]~ost gmcrai imai non(imivntivp ieptoil -

family -nunibero) conserving four- ferlnion interaction”, mn(i tile Ilellt rillos are

mam-eigmotate9, with masses srnnl] ●oIIgiI that th?ir ATrct {)11 tile i}ositr{)il

spmtrunl C8AIi>e neglected. [I) tile Ilelicity projmti{)n flmtl] 0’0) tllr c(mrrspoll{lill~

]{ ’#l = ~ ((J:,,?,,l’,,,,l /,,, ‘1’,,,( + (,,;,,t l’:,,%,,,[’,,,, )

LI,,J -L, R



where tPO = (i/2@ )(7P7” ‘- 7&7P)!r~ = [’L. = (1 – ‘M), ~lld

r; = rR = ( 1 + -y5). The subwripts 1~ nnr.1 d 011 tile collpliug col]stailts

indicate the handecilless of the ekt rot] a[ld of tl:e IIIucJtl, respectively. l’lle

~~aU2i]t011ian (3) COn’tdllS 19 reai ~aralllC’terS ( lo CO1llple% COU[liiIl~ C(JIIStalltS

minus an overall phase), The nlinil]lal standard nlt)tlel ~{a]lliltol~iall (2) is oij-

tained from (3) I)y srlting g[’~ = (r’F/ \ ~, all(] a]] the (}tller CfJU})lillK CV)llSt. ailt S

●qual to zero. If the Inmtriuos are nut (Ietectmi, only ten qumlrntic fu[lctiolls of

the coupling constant:l (denoted in the Iitmalure I)y a,a’,l),l~’, c,c’,~t, {i’, ●? an(i d’ )

can be deternlinedl O). Experimental r{)llstrnitlts cm the couplillu coll~tnllts it;

( 3 ) have been analyzed recevt Iy in Ref. 11. ‘1’l)e nllloll-lifetillle rfi, t IIe l}~)sil roil

energy spectrum prwaln~ters p, 4, ~, all(l Ihc lMmit ron h)llgit Iidinal pdarizalion

parameters f’, (“ determine thr six c{}nst ants a,~’, h,l)’, c aild c’, ,m equivnlelltly,

the flJllowing six in{lrptn{lm]t pt)sitive sell~itlcfil}ite quwlratic fortl~s l}f the c{)u-

.. 1:.. -. —..-. --- A-. l. -A--- 1.- f.. -... -.l r- . . . . . .’ -...11),pllllg CIJllSLtlll LS [llaL call Ur Iflrlllcu IrtJlll [ 1.CIII

G; =

1

j (k?;~t + &12 t
.

and

2,?
+- &,

2
“ 12+ :YL

(1)



QRR, Q17L$QLn, flLR ~11~1~RL ~-~llsist~llt~i~llzc=r{}”’.Tlie reslll[ill~ Iilllils 011

the coupling constailts (taken frolll 1he up{lated fit Kivell ill I?ef. 13 ) are sIIOWI1

in Tal)le 11. Tlie only cmllbination of tile <’{}~~plillgconstants wllicll is (Iiflt=rel(t

fro[n zero is the qU&Mltjty ~L~ dt?fi[ld ~)~

with a lower I)t)undlo)

4?LL -> {!.!)49 (!)0”;,(.1,). (Ii)

To obtain limits (m the individual constants ~~L and $/j~L ill ( 10) ~~lle IIFA9

additional information. Tl~is can l}- obtaine~l from the rmults of ll~~asllrenwnts

of tile iliverse ]Iluol]-(lccay process Vme –* /1- II, ( Ref. 11 ), w!lere Ijm is tile

neutrino state emitted in m+ - p +VW(Iecny, and n, are sot]le ueutrino statm.

The total cross section S’ for (uWe * 11+tll ) + (VW~ -~ ~t+ ~la) + ,.. rc]atlvp

to tlv cross- s?ction predicted by Ill? Illinit:]al standard Ino(lel is folll~d t~> lm20)

.s = (~ C7fu. e -+p n,) u(l/*r ●/i w*)\f_A ) = ().98 to.1’2 . (12)

1

s ‘: ~ /dg;,,l~ * (:1,’[;,1) (1 + h)lg;,,lz] ((?’,, / V2) 2* (1:1)

1 * }1 ~ (),() ():JIM (~u)”;) (“,1,). (11)



Eq. ( 15) and the experirnewtal result [ 12) lead to

dL I ‘s 0.8s8 ((:,, \ 2) (!)07 (’,1.).

as QLL S 1, one obtains also] 1‘

W I ‘ 0.918 ((;,, , \i) (900; ,“.1.).

(1(i)

(17)

The conclusion is that given {Jllr assumptions regardiltg tile i]luou-decay

interaction and the nature of the ncutrinm involvpd, the c)llly term in tile I?all]il-

tonian (3) which we know to be nonzcro is the one presmit in the t~~initnal stnn-

dard model. hloreover, this term is rrsponsihle for at lea8t 7970 0{ t !Ie 01}8erve{l

muon-decay rate13). At the same tilne, some of the i]c)n - ( V-A) interactions

could still have a strength compar~ble or not too much weaker than (;U.

The parameters o, d, a’ and J’ detrrn]inc the transverse conlponents of the

positron polarizatim. In tlv miniulal standard nm{lel n = J = (i’ = /?’ =0.

Let us consider Q’ and d’, which ( neglecting higher ortler rfTects) nre resi)(jnsiljle

for the tin]e-reversal-ml(i correlation i7~ . j: x Cl (tile {)tIly onr tllrtt tail Im

formed if tile NCUI

(1 .1 Ilii



It should be noted that if tlie Ilelltrillos are ilajoralta particles, then ill

the presence of neutrino mixing the corre]atioll Fu . j: ~ S1 cOUI(I arise cveII if

there are no other than V’,A fullclalnent al current s.z3’

W!lat kind of new physics could lead to t l~e l~oll- standard terl]ls ill t Ile

Haimiltollian (3)?

S, P couplings could al ise at tile tree level through the exciiallge of Charged

Higgs Losons (11* ).24) charged Iiiggs I)fm)ns are pr~sellt e.g. if tile IIiKgs

sector of the standard model contains nl{~re than oue Iiiggs (l~~ul~let. l;~ modclg

where tile charged Iiiggs-fermion ct~llplill~s are proporti(mal to the Inasses of :Ile

fermions involvml, the scalar couplings arr too snlall to IJC (}l~serval)le even for

relatively light H*. E.g. for q~d ~: ?llJ,~llt<iF/’,\f~{ slid A!li 2 3 (ie V’ tJllI?

WOuld have g~d N 6 x 10-a G’F-, !n soIn* Inodehr the iiiqgs-ferlilion couplings

are proportional to t!}e masses of sonle l)envy fern] iorrs (f) ill the tlletwy.2s) Tltcn

9:d % ln~~F/J~f~ 90 t)lat g,~,q Wu]d he as ]ar~e m the [ill]its in ‘rabk 11.

New V,A interactions are present f~]r ●xanlpie in ]cft-right sy]llmetric tl~(Ml-

CIS based on the gauge group S(,:(~)L XS!!(2)R x !!( 1 ).20) m l]lu(~t]-(lccay intera-

ction in tile nl>sence of lepton nlixlnq is of the form ( 3) with

(2?, )



(from t lie p-parameter), and

(from the lower bound on ~~{d~p).

For gR = gL and ml =81 \le\’ (28) inlplie+s m2 > 70 GeV. III inru~ifestly

left-right symmetric models (gR = yL, equa! left- anti right- lmiltlml clllmk
r / ,

mixing matrices) the upper limits OJ1 lg~R,’g~Li, Xg&L:g~Ll and g~n/~~L fJ’cJlll

nonleptonic ransitions arc SilldlCr t>y about aJl order of Illagllituile ( l~ut not M

reliable). For non-manifestly left-right syn~mctric nlodels (27) and ( 28) are t h.’

best available limits on (gRlg~ )!(I atld g~m~/g~nl$.27)

i~on-( V-A ) locaf four- fcrmion interactions contributing to muon decoy are

generaily expected in moclcls with composite leptons. They are gcuerated by

constituent exchange. 20) The strength of these int tractions is of tile order of

gz ‘,~~ where g is an effective strong coupling constant and ,1. is tile conlpos-

iteness scale. Assuming g2,4m > 1, n~uon decay provides for soule types of

couplings a lower bound of about 3 TeV’ ‘m JIC.l S)

The framework for the description of muon decay we Ilave ctiscussed so fnr

is not general enough to encotnpass all the possibiiitim onc COU1({encounter in

extensions of the miuimal standard n~ociel,

One of the reasons is that the ~)eut~i~io states appearing itt !5!J(L)L nlulti-

plets may he mixtures of mass-cigcnstates. ‘e’ Tl~e latter nlny includr rds~) heavy

neutral fermions that cannot bc prm{uced in ]~~uon dPCay3U j. In t Ile prewwcr of

Iepton nliting e.g. the coupling of tile \V to l?ptons relevant to tIIIIOn decay is

of the form~l ‘

+’ (e +/1) .



possible mixing of the electron with ncw heavy charged leptons. The rigllt-

handccl current term in Eq. 29 aplwars when tile right-] lauded cultlptlncnts of

some of the Ilew lep”o-ls are ill S[1(2) df}lll}lets.

Even if neutrino Inixing would be a!wllt, t hrre could be elkt. s in muon-

deray that are not described I)y t hc lIall]ilt(~l]ian ( 3). AIJ exan]l)le is tile decay

modes? )

/1 ‘“ -- p bIle\)p (:10)

which violates electron- and n~uon-numlmr collscrvation.

The most general local non~lmivative four- ferl]liun interaction that allows

for neutrino mixing, Ieptoll-falllily-llulllber anti total leptou-nulnlmr vicdnticm

can be obtained from the I1al:liltoniall (3) I)y the replacmllent~

(31)

nmi analcsous replacement for all t Ile <Ithrr tmn]s in (3) ( Rrf. ?3 ), Ill

Eq. 31 all l~ft-handed neutrinos (i.e. ill t Iw CM? of Dirnc Iwut rinos Mh tlIe

left-handed neutriw~s and lhc left -hall(letl Rllt ineut rilms) hnve been denut?d lJy

( 1 - 7s)n and similarly all rigllt-hnndwl neutrinos I)y ( 1 + ~s)rt’.

The const railits on the general intcmrtion hnve been analyze(l ill Ref. 33,

assunliug that the e!fects of the nmtrillo tnns9e9 011 the positron spwtrum can he

neglectml. The positron spectruln can again t~e dmc:ihed by the 10 parmnet~rs

a, a’,..., which are quadratic functiolBof thp collpling constnnts of the i]ltmact iou.

fllflcti(ms of the nlII(Jn flecny parnlllrl~rs I), A, . . . as ill tile f-ns~ (}f IIIP illtf.rm’li~)ll

(3). The quwltity QL~( = 1 Qf7R QI. n QIfI. ), f[)r f-x ftIII~lP, is IIIM Kivrll

1)}’



Denoting n3L the neutrino stnte I’m = ~j (’j T?JL prod(lcetl in ~+ - p+vn

decay, the cross-section rat!{) .$ is given l~y

(33)

(34)

(35)

“ 33) that the decay lnode iuvolvillgThus the conclusion in the general case IS

the neutrino V= produced in r+ - p + Vr decay dominates the muon decay rate.

The contributions of the scalar and the vector term~ in (31) cannot be separated.

There is some experimental information also concerning the second neu-

trino emitte’1 in Inuon decay. T]lis con]es from an experinlent34 ) which lllea-

sureci the ratio r(p+ ~ e+tie V,,)/r(p+ - all) using the

and v~d * ppe – induced by neutrinos fronl muon decay.

}~ s r(p+ -+ e+ fie~p)/r(p+ –+ all) < 0.W8

reactions tip -+ net

Tile result is

(90% cl,), (36)

The good agrecmeut of the xlleasured Vcd -~ ppe - cross sectiol~ all{l the cal-

culated one in the minimal standard nlmlel indicates that I Ile total IIlllon dccriy

rate contains a substantial contribution frolll Illuon decay into a fillrd state ill

which one of the neutrinos is the onr accomlmtlyiag the positron ill I)eta-{lecay.

2.2 Radiative hfuon Decay

The (Iecay p+ -+ e’+f’ctiPy (all(l p -+ r f;~l~,,~) IIas a l~rall(’llitlg rati~j ~~f

ai)t)ut 10””4 relati~~e to noura(liat. ive tlllloil (Iecay. rhr transition l)rtll)al)ility

with the neutrinos unobserved tlepends 011 t]le sal]le 10 paralneters n, a’,.. . as

the transition probability f(}r p ~ -* c +~’?t~~ ( Ref. ~~s). JVitho\lt r{)nsideritlg

observab]es involving positron or pllf~tf}tl il(~lariza’iotls, fr{)t~] I]leasllrt=tl]ellts of

f)



radiative muon decay one can determine two new combinations of the priram-

eters: 17 (in Ilnpolarized llluon decay) and K (ill ~lolarizetl Illuoll tlecay ),30) 111

the miflilnal standard model V = K = 0. A recent (Iirect nlea.sureiuellt.37) yields

v < 0.083 (68’?10c.l. ). A better limit T <0.033 (Ref. 38 ) f~ll~ws f~oln c~)ll~~illiw

results from nonradiative muon decay.

A question of interest concerning the (iecay p+ ~ e+ v~ti~y is whether

it could offer an easier way to probe possible time-reversal viol~tion in the

muon-decay interaction. One would expect a priori tliat this may be tile case,

since one can form T-odd correlations without including tlie positron spin vec-

tor (e.g. 3P “ 3= x ~-f). “ 35) based on the Hamiltonian (3) showsAn analysls

however that (a) only parity-violating correlations cau l~e Ilonvanishing (so that

e.g. C?P. ~, x OT does not appear), and (b) parity-conserving correlations either

involve the transverse positron polarization, or the longitu~linal positron polar-

ization. Moreover, correlations involving the Iongitu({inid polarizations (such

as for example de “ 37P . pe x ~v ) are proportional to the electron

therefore suppressed, except possil)ly for low-energy positrons).

An analysis of p ~ e + + neutrinos + y in the framework of an

mass (and

interaction

whit.h allows for neutrino mixing anti ll(~llcoxlservati{~~l

not been yet, to our knowledge, made.

3. CHARGED PION DECAYS

3,1 7r --+ (///

of lepton Ilulllbers has

In tlw minimal standar(l motle] the ef~ective il~teract ion (Inscribing n -+

t’vt (k’ = e,p) decays is describrd I)y tile V-A [1a[l~ilto]lian39)

where [~U~(= cos @l) is an eleinelit (If tl]e (l~lark Illixiilg IIlatrix. only 111P

JTA-y5u part of (37) contritjutes to 7r+ ● t+L~/.

‘rhe (Iecay rate due te (37) is given hy

10



where r = rnf/n7m, n7t is the mass of the charged Icptou atltl ~r is (1 llne~.1 Ill’

<0 [&5ul T+(p) = i~rp,~; ~m lx 132 Lle P- (Ref. 40 ).
From the point of view of searches for new physics the quantity of interest

is the ratio of the rates of the electronic an~l the luuouic decay ulo(les. in which

the factor ~= UUd drOpS OUt. Including radiative corrccti~ms, tlw rntio

in the minimal standard model is predicted to l~e41)

R = 1.233 X 10-4 . (.;g]

The theoretical uncertainty i J the prediction (W) is (Iue to piuu- structure (le-

pendent radiative cc,rrections, not incll!ded in (4 G), which I\ave beru estinlaled

to be ~ 0.3% (Ref. 41).

Let us consider n -+ /Vt( r+ -+ t’+vt fur simplicity) in the fra~]lework of t)le

Hatniltonian

+(e +//) ,

w]~~r?, as b’f~r(?, r’R = rL -= 1 -75, l’;, = [’R -- 1 I 75, RII(I fl~~j, A!;] nre

constant. s. Wc shall assunle that It atld uP are tl]ass-eigenstntesi ailtl Ilrglect

the effects of their possible I]]asses.

The part of (41) contai:li]lg tl~e axial- vrctor all(l psewcloscnlar qunrk cur-

rents is the most general interaction tl]at catl cont. ril)ute to 7r+ --t f‘ v~, ‘1’lle

7r+ -+ /+ v( rate resulting from the internctiou (41) is givetl I)y

(/ = e,p), where



tiulls) can be written as

R = (1.23:1 =. 10 ~)

The present experinlrntal value of R is’344

R●Xpt = (1.218 r 0.014) = 10”4 . ( 1:))

Analysis of the results of a new Fxperilllent Ineasuritlg 1/ is un(lrr WRy,4s} ‘1’IIF

result (45) implies for Q’@’’ Q’M) - 1 (= If/ RL, ~) 1)

(@c’,@~’) - ] . 0,0:14 (!)()”1 t-l.) (-I(;)

Ill the upper li]l~it (45) we l)avc included tile ttlr{)r~ticai ull{ertaillty of -- ().3%

in the calculation of the coefllcient of Q’c’, Q’” in Eq. 44.

As seen from Eq, (43) the ratio ii is seilsitive to pseu(loscdar cl)uillill~s (}f
Ip)

the type for which A~J/.40J # rile, nlu, al~{l to Ilcw axial -vecti)r i]lteraclit)lls

if a~~~ + a~J).

Ptype c(mplings occur gwerally ill ItlI)(lt=ls with {hnrge(l Iliggs IJ(MOIIS
46,. !

and also in Il]odels involving i~ptoquarks.’”’ Let tis nmsitl~r n psell(l(jscftlur

iflt?raction iilvolving n Icft-han{lml tlelltrill(~, a(l~lml to tllr Illillill]d stall(l}lr{l

Illmlel interact icm,4n) Froill Eqs. 43 nlld I[j wc ~)l)tain, asslllliillg tllnt tller~ is

110 cancellation hctwecll :Iie electr(~l)ic atl(l I[lu’jilic trrllls,



1.1



From the lin]it ( 11) ( [1’tit~g that f’;,”” ‘ /f ) tllle

tt> tile Illillilllsl stall~l,:r(i l!iOtl~l illteractiotl

.4
@id’

ii n .t;{I:: ‘ ?.5 . 10 “



[~c,I nnd I/”p,\ fr(Jln 11 llaw IJFPII obtained in l~e{. q!l.

In the minimal standard umlcl lIIP IJIIly c(mtrilmliml 10 the [It=cny m+ +



I’(T+ - ?T’’C+L/=)t~ “- (().:l!hil t 0.()( )()s).9 1 . ((;2)

The ~xperimeutal value is

SO tht i’~h rexp = ( 1,~~ k :{.~~)’~) .

A lrtrgc discrepancy between theory slid experilnei}t would rmluire a reex-

amination of isospin breaking c!rects. Fru!u p(msiljle new l~llysics r + -* roe ‘l’R

could receive a contribution fron] an interacti(m it]w Jving a tensor qtlark-currelit

(an interaction with a scalar qumk-current catillot c(mt. ril; utc in tile lill~it of G-

parity conservation ). Tcllsor- type semileptollic four -f~rnlion coupliugs call IJC

generated by spin-zero Ieptoquark c xchangc, at]d COUI{l also arise ill cot:lp(>site

models, r(~+ ~ fi”e+~t)~h - I’(rr+ ~ ~(’e+lzc)~Xl,~ SFtS S0111(?hlll;t 011 t]le

strengt 11of tl~e tensor coupling, This bound IIas ll~)t lwm illvrstigntwl yet,

I(;



sen]ileptonic T-violating interact if~n of st r!*ll@ll .\t -= (gn !)I, )< sill ((t tWI)(gn, VI.

are gallgc couplil]g constants, .f is tile 11”/, ll-ff Illixitlg atlglr: {k,w are f’l’-

viu}ating pliases) relative to {JP ( Ilef. 67). ~,\~l is collstraitlwl to IJP sll)aller Illatl

2 x 10-3 by thr experimental Iil]lit 1}11tllr clw!iicit=lit D of Ille ‘l_’-IIIl{l rl)rrelatioll

< ~ ‘~ ~ PC K pv in nuclear beta-decay, all(! (less relial~ly) to I)e stlinllrr tllnll

-- 10-4 by C’IC and the ●lectric (Iil)tde Il]ol)wllt of the sleNt roli.fi” Jll{lgillg fr{jtll

the calculation in Ref. 64, this suggests t ha: tile transverse positron pldarizrttion

in r ~ euy in these models is ~ 10-4. 11’llether this is so, and wil~tl~er t Ilrre

could be in some other models larger effects will require an mlalysis, A releva!lt

issue for searches of T-odd correlations is tllr size of final state it~ternction el~ects.

This, to my knowledge, in

investigated,

4. LEPTON FAMILY

(Iii)

Ii



For tile known ~llree l]eutri]lo.s /1( p -. r-f ) is Illl{)l>servaljly slllall ( <. 10-” ?O),

due to the existing Iil]lits on their I]lasses and Ii]ixings. Ol~serval~le 11(// + en )

(as large as the present upptr limit) is p(miblc in the I)rmence of a 4”1 genm-

ation heavy neutrino in the standard IIIO(IC=I,7’) in Icft-right synlllletric models

with heavy right -llandcd ;Ieutriuos, 7s’Tg) nnd ill other Inoflels invi~lvitlg llenvy

neutrinos .3] )

ln aclditicm to heavy neutrinos there are other pfmil}le sources of le~)toll

family nu]nber nonconservatiou that couhi lead to olnwrval)]e 13(/L -+ PT ), For

●xample, p + e~ could proceed via a l~ptoquark aud heavy quark hwp, rather

than a loop with the IV and neutrinos. ~o’ In ~onle classes of mo(lcls with sttper-

symmetry lepton family number violation cm arise due to induced off-( liagonnl

slepton mass tern]s; al) in some of tl]cse I]l(J(lels p -+ ●T could be in the ubservablc

range,82’

T}le Il]pcllnnisnls of ]eptt)tl falllily Ilullllwr vi(jlntioll Itlclltiolle(l ill cotlIIcc-

tion with Ii -~ q Iewl also t{) IL * :)(’, /( + r~~ all(l to It - -+ c– cot~version

in I)uclei, ‘1’lle (Iecays /1 + of’ Ftll(l/1 ● (’~? tile rxpm’te(l to I)e gellm’nlly

less sensitive to lcpton falni]y nul]ll)er vitdmtioh ill(lum{ Ly hmp (Iingrall]s than

/1 -+ e~, sine? they occur itl t~rtl~r IIigller tllnti p ● f,7, ‘1’lliU is t [Ilq dSIJ fLJr

IL -* e conversion iu I:ucl?i, but rullm~nt It ● r coiivmsim in ●tihntlced

rf~ughly by a factor of A (ff~r an is{)sralar il]ternclitm) or ( Z --- IV)2 /,1 (f{~r nll



sm-ving processes is present in an at t ract ive versioll~~ } I)f kft-ri~llt sy[llnletric

llldek baSed 011 t)le gallge grOU~ .!$[ (~)L w .%[”(~)R ~ [’( } ). ‘r’}le lli~&3 SfY-

tor of this model contains the usual IIiggs it]ultiplet o of quru)l u1l. Ilulllbers

(T~, Tff, }’) = ( ~, *, O), which I)rovides Dirac Itlasses ftw tile fcrllii(]lls. To

break the gauge symmetry dow Ii to (’( 1 )e,~, ad(litiol~al I[iggs I)(m)lls rtrr re-

quired. An attractive choice is !0 eIllplI~y a }iiggs tri~~let AR({), I, ~). :1

nol]zero vacuunl expectation value fOr tlIC nmitrnl cittllpf)[lellt of tlIF AR-l\eltl

breaks .5’[’(2)L K ,Sf”(2)R X.1’(1 ) (low~n III .S(’(2)[. x I“( 1 ), and tile Iat. ter syIt I-

xnetry group is then mlumxi to {’( 1)t.nl. I;y ~ 0 .>+ 0.

‘1’he Higgs triplet AR couples to riglltllau(lcvl iept(]l~s. < AR ,> # O gPller-

ates a Nlajorana ma$s for the riglit-llatltleti Ilel]trillf), provi(iil]g au cxpian Ftti(Jn

~f tile smalinms 0! the masses of tile usuai Iltutrillos,

The existence of auoti~cr Higgs tripict AL( 1,0, 2), which c(~u[~ies to ieft-

han[imi Irptons, is requirwi i)y it=ftrigilt sylllnwtry. ‘1’lle cotlpli:~g of Al, t(] tilt.

first two iPIJtoll falllilics is of tile getlcrai forlll”5)

((i7)

i!l



where

and Tn++ is the mass of A;+.

‘1’he Hamiltoninn (69) is of tile saltle f~)rul as tlIe Ilnllliltoniall

(70)

considered hy Fei Ilt]mg and Wein!-wrg in t heir I!W 1 paper. R8) ‘1’lle pro baljility

P( 37) that the muon decays as p”- rathrr than ~~‘, if tlIr systcnl at 1 = O is

pure nllmlliunl, is given hy88’

A 2 2.1 K 10-’2 (C’,, ipwf+’l” . (72)

‘J)



or equivalently,

Defining (;+ = “ ,tim~v vee .fpfi we {Jbtaill for the ratio R =

d-tic vp), mp+ ~ C+tj,titi)

f? = -1((1’+ (1’~’)2 .

The experin~enta] linlit i 36) implies

(1’+ < O.ltXl’~ ,

The group associated with the vee elastic scattering experilnent at LAAIPF

(experiment 225 ) expects to reduce the present ●xpmilneut al error of 6V0 to --

Iwo.

Information on the intmrwtion Illediated l~y A + al:long the sa]lle leptt~lls

is provided also hy the experimental resuit2u )

a(l’Me”- ~ /1 l/t),u(lJpr * p I/#) ~. 0,().5 (77)

I)ut, t{) (~ur knt)wle~lge, tile ill~l}lit”ati[)lls ft~r tllc A ‘ -Illmlln[lis[tl, (Jr for ally o(ller

IIlechanistlls, IIave not hecn analyzed yet.

A;’ -excllatlge generates also t IIe {Iecity’ ~1 +3e(viR~4+ ● e” A++ ●

e“e+ e+), The strengtl~ of this illteractif~n (ill tllc V-A for[]l) is ~;~ + :

f,.(f;p - f;e) sin dJ/~ll~+, Vvllere @ is tlie F--II lllixillg nllgle. f;+ + is Cotlstrninetl

5. NEW PARTICLES IN C1lARGED PI(IN AND MU(JN DECAYS



new particles. Examples, which we have already consi(lerrd ill Sectioils 2 and

~, are the de~&y3 ~ ~ e,$’k, or ~~ 4 e.~’,.~, }*here .V1 allL!;’Or i~j all(l .~k are Ilew

neutrinos. In this sectiou we shall (Iiscuss hrietly decays involving I]ew particles

other than neutrinos.

5.1 Supersymmetric Particles

.41tlloug11 the supersymrnetric partuers of the usual particles are expected

to be heavy, the possibility that sollle of them are light is ll(Jt ru!etl (Jilt.go)

U.1. ~’ -+e+;.tiu. If the neutrinos ( ;;) are slliTicielltiy light, tile decay
--

P+ - e+;, ;M becomes possil~le. 11+ -- e + IJe VP (Iue to wiuo-excllal~ge was

studied in Ref. 91. If the masses of ~c and ~w can be neglected, tile positron

spectrum in (F] ) can Ije parameterize(l in the salne way as in ordil)ary nluon

tlmay. The spectrum para]neters with p+ + e+ ~e 3P atl[led to tile nornlal

muon decay in p ~ e+ mi~sing ncutrah depend on c = (n~,tc/m ~,)4, wllerr m ~

is the wino mass. The nlost sensitive parulneter turns out to be ~(~ = 11- 2c, p =

~(1 + ~c),6 = ~(1 – ~c);(fA/p) – I is quadratic in c)e~). TIIe ~~est lilni! On tile

wino nlass is mu, > 280 GeV (90% cl.),ohtailled froll~ t91e expcrilllelltrd values

of p and A ( Ref. 13). A~pioAl)lat~ly the sall~e lin~it (?N,U > 270 GeV (!)070 c.I. ))

follows froxn the Experimental value of tlw { parameter.14 )



Familons are geniune ( masslcss ) nelltral {;ol\lstL~Ile Iwsot}s, arisirlg as

a consequence of a supposed spol~talleously Lrokell colitintlous global fal]lily

931g4J At low e11~rgie5andat li~west or(ler the coupling of a fanlilousylnnletry. .

(as of other Gcddstone bosons) to fernliolis is of the forn195)

(79)

where ~j is the fanlilon field, F is the scale at which tile fmnily sy-lllllletry is

broken, ml and m2 are, respectively, the masses of tl]e ferl]~iol~s ~1 FLIIIIf2; a

and b are constants.

Astrophysical and cosmological considerations lead fur F to the Lmlnds

10* G’eV,~ F’< 10*2Gelr (Ref. 93). The most stringent Iabc]ratory Iitl]its c(~llle

froril searches for th~ decays 1(+ -t T+ ~, p ~ e~ and p - ef-y.

For a Hamiltonian of the form (Fl) with a = l,b = O (or a = O,b = 1) the

branching ratio 13(p -4 e)) s r(p - ~f)/r(ll A all) is given IJygs)

D(/.f -+ ej) -= (2.5 x 10’4G@)/F~ (79)

~tssunling that the positron (listril}llti(~ll in 11 --+ ej is isotropic (i.e. that

cit)~er a = 0 or b = 0) t]le lill~it 011 l?(~~ ● ej) is

obtained from the results of the expcril]lent on Ref. 15 Illeasuring t]le ]){)SitrCJll

momentum spectrum end point ill polarized llIuolI (Icca,y, The li]llit ( W ) inll)lies

(fora=l, b= Oorb=l, a=fJ)

F’ !~,!;r l(l(’(r’fl” . (RI)

If a aIl(l b are of c(}IIIl}ttrnhltY size, tllr i)f~sitrl)tl (Iistril)llti(jll is ll(~t c\(*lI

approxinlate]y isotropic, mid llieref(~re tlIe Iill]it (N I ) (lof*s lif)tRj)l)ly, If Iiillit

on F for such a case is provi(lw{ I)y tllr t’.xl)erill]entni Iitllit”A)

(!)()”;! (“.1,) (192)

?:1



on the branching ratio B(u -+ e~~) s r(~t+ - e+ j?)lr(p+ --+ all) of p ~

e~~ decay. The double-cii!~erel~ tial distriblltiou iu the positron eliergy and the

opening angle between the photor a]ld the positron for /1 ~ ej~ was calclllate(l

in Ref. 96. I’his was used in the analysis Ieadillg to tile lilnit ( 82). ‘1’lle ilnplied

lower bound for F’ is88)

F > 3.1 x 109 G’ev’ . (%3)

The present limit l?(l{+ --+ m+ j ) < 3.8 x 10--8 (Ref. 97) 011 t]le 1{+ e

m+? branching ratio l?(l~-+ + r+~) S I’(!{+ --+ #j)/r(](+ -+ all) gives

\assum;.:.g also here a = l,b = O or b = l,a = t)) a somewhat better limit on F

than (81): the predicted branching ratio is (2.75 x 1013 )1”2 ( Ref. 93), so that

F > 2.7 X 10-; O.

It is also of interest to search for the decay IL ~ e.~ w here .S is a Inassive

neutral particle, ‘8) Limits of the order of 3 x 10-A – 5 x 10-5 for B(P + e.~)

have bee,l set for O < nt.y < 103.45 hleV (exclusive tile regiu]l 93.4 hfeV

< n?.y < 98.1 hleV (Refs. 99 and 13)). [Tpper lill~its are availal)le also for

branching ratio of the decay p + ~ e ‘d with a sul}seqllellt decay of tile 4 into

e+e- (Ref. 100). In the mass region 2nlc < rn~ < 100Afe V anti for t Ile

lifetimts below 10-9s limits on the branching ratio down to 2 x 10-”’2 lIavc I)een

set.

5.3 Light Eiggs Bosons and lIiggs-Like Particles

Light scalar or pseudoscalar particles ( Itxions, light IIiggs,... ) could be

produced in the decays r+ + ev.1’ or p -+ cv~.~, Tile observed vnlue of

“ ’01) was instrul]lental in rulil]g oht. *u2) !lIethe m+ -+ e+ve+e - brancl~illg ratto

variant axion model,103) TIIe sanle decny can also I)r Ilse(l to scnrcll for a light

Higgs 1)0s011s (h), itlclu(ling tile stall(larf! fJiIe, t\ rweilt nflalysis ””) fiiIIls Ill;lt

tile availal~le experiluental illforl]latif)ll still alltJws a stnll(lnr(l lliKgs lj{w~ti of

ally I]Iass l~etweell 14 MeV a~ld 1 (;rV. ‘I’l Ie rate for 7r‘ ● r ‘IIr/I asslltllill~

standard l{iggs coup! ings, was rdculatwl it] f{rf. 101. ‘1’llr t’f’(’f’llt (Iiltn 011

T’ -+ pkUpk~- (~?f. 101) ar~ Iikrty to ]cwi t{) Iiltlits 011 l~~h ill 1]16’ r;IfIKP

‘)*rrt@ .: r)l~ < /WAfPv/c2 ( f{f”f. 100,”

24



A light Higgs boson could Iw searc)led for also in il A rlz~h. l}~~w~ver,

the branching ratio fur this decay was f{jull(l 10 be slllallcr Lllatl t ]le present

sensitivities for muon decay of rare muon decay experituellt s.]”’)

For the inclusive process n+ - e ‘v.~ uplwr lilllits 01) t Ile I)rallclling rat io

of4 x 10–’ – 4 x 10-8 have been set in the range O < m.y < 125 Afel’/c2,

assuming that X has a rest-frame life- titne greater than 2 ns ( Ref. 105). For

life-times less than 2 ns the limits are weaker by up to an or(ler of lllagllitude.1u5~

5.4 Majorons

A possible way to generate neutrino mass is to break sp~’ut meo~tsly the

global lepton number symmetry present in the nlillilnal standard t]lo(lvl, ‘ylle

resulting Golclstone bosons are called hfajorolis.

Two hlajuron models have been discussed in the literature, In One or

then1106J the nlininlrJ standard model is extended I}y a right -hrtnded singlrt

neutrino and by a singlet IIiggs field which carries lepton nulnl]er, ‘1’lle neutrinos

acquire both a Dirac mass (m) (from the standard IIiggs (Ioublet ) ail<l a large

Majorana mass ( Al) (from the singlet Iliggs), so that the smallness of the mnssm

of the usual neutrinos can in this model he understood. ‘l’lie lllaj~~ron in this

model has extremely weak couplings to t lie USUR1 nellt.rint}s ( - ( m/Ill )2 ) mild

also to other ferllliOllS ( ~ <~F7’2fnlU/ ~6~z ).

In the second hlajoron Inodel ouly tile Iiiggs sector of t lIe l]lil~illlnl standnr(l
IQ7

model is extended, adding a triplet IIiggs field cwrying i~~)toll nutllber, \ n this

nlode] the neutrinos can have alnlost equal illass: tile Illasses (10 Ilot [4)111)Wtile

family hierarchy, In ad(lition to the hIaj~)r~)l] ( \ ) tl]e 11.{)(lel cf)lltnills nisi) a vrry

light neutral Higgs boson (~h ), The cou]}lings of ,~ nti{l @~ tf) IIeutritios is of

the forn~*07’iOs)



has hen set for these decays. This illlpli?s thr Iilnit

on the hlajoron- neut rino coupling, [u Eq. (W) y2 is the square 0( tll? Inatrix

whooe elements me g{t, (me Ref. 10S ).

hfajoron (or Oh) el]lissicm affects nlw) th~ rntio /t ill Eq. (4 1), since t Ilell

tme observes n - tLO where LO includes P, u} slid l/@h. ‘l’lie prediction for 1/

(Eq. 44) isloo)

R= 1 t 1.57.5(g?)tc . (Hi)

The ●xperimental value of Ii ( R~f, 43) yiddslos;

(!/2)rc
●

< 7.6.x 10”5 . c (WI)

6. CONCLUSIONS



in composite models. It is inlportnllt to col}ti!lue to ilt]]jr{]ve tilt= Rcrllrary ~1[

Illeasurements of the muon dtucay paralllf=ters.

● Tile experiinel~ta] value of tl~e ratio 1’[m - ei~) 1’(m -+ lil)) l}rflvi(les ex-

tremely stringent boun~ls on son]c pscutltjscalar iltteractions involvil)g tl~e elec-

tron. Such interactions couhi arise, for exalllple, tllrougll Ieptu(ltlark exchauge,

The polarization of the muon In rr A jLu is sensitive to rigllt-handwl Currents

involving the muon. For pseudoscalar type curre]lts of this kind the present ex-

perimental value of the polarization sets tile best limits. I’(7 + eti)~ 1’( r -O IIU)

is sensitive also to some new light particles. The exp~ritnental accuracy for

r(~ ~ e~)/r(r + pv) couid be illlproved by about a factor of ~ bcf[)re PncrJu Ii-

tering the estimated uncertainties in the radiative corrections.

o The experimental accuracy for tile m + --+ Toe +IJZ l~rallclling ratio coul(l

h improved by about an or(ler of Illagllit u[le hrforc reachi]ig tile level of t Ile

estimated uncmtninties in the radiative n)rrections. l’llr decay n * + m“e } LJC

is sensitivp to stnndarcl model etfects that vi(dmte [*VC (quark Illass effects,

electromagnetic corrections ), aufl perhaps 81s0 to st~lll? Ilcw physics (el~mtiv?

tensor interactions).

● \$’c have considered briefly tll~ Ie])toil I’all)ily nuti~ber nfmcon.wrvillg pr{)-

cemes~ + e?, p --+3e, p+ -+ C+L’,,DP, p’e - -- p-e+ nlldp-iv -+ e–.~r. ‘1’ll~s?

pr~)ccsses probe a broad raug~ of ptmsil)lc S{JUrCPS ()( le~~t~)ll-falllily illlI]llJer vi(~-

Iation. Their rates could b< M large M the present Iitllits, ‘!’IIc il~fortnati(nl

tllcy provide is complen]entary to the iflforl]lntion OIIe rnn ~~lJtail~, for exa]l]plet

frolll Ieptcm faulily nonconserving ka{)ll (Ircays, It is illlportant to illlprove llIe

Iilnits 011 tll~ir bratlching ratioa hy as ttltirll as l)t)ssil~l?,

“1’IIFnlI(Jnlalous nluon drcay IL+ ● f ‘ I’ptj,, RtItl lllll(~i)iull] * nlltil]luotlilllll

cr)nveri4i0n prt)ljc an attractive cIRS3 t~f l? f’t.ri~llt syl]lill~tric I])O(IPIS$ ‘1’liey nrr

ttlrlliated in three mmlels hy tile exctlnllur (J( tril~let Ilims Il[)slms. ‘1’lln I“n((’s I)(
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TABLE I. Experimental vrdum of mm-m-decay parameters

hliuinlal Standard

Parameter Experimental Value hlcdcl Value Reference

(’

c’

a’/A

(2.19703 + 0.00004)x 10-Os

0.7106 + 0.0026

0.7486 + 0.0026 (stat,)

* 0.0028 (Syat.)

1.0050 + 0.0088

>0.99682 (90% C.]. )

0.998 k 0.045

0.65 & 0.3(3

0.015 * 0.052

0.002 * (’.018

-0.047 * 0,052

0.017 ● 0.018

3/4

3/4

1

1

1

1

0

0

0

0

12

12

13

14

15

16

17

18

1s

18

18



TABLE 11. go%

the Hamiltonian (3)

confidence level limits on the coupling constants ill

in units of C’,, /ti (from Ref. 13).

k&I <0.918 19:LI < 0.122

Is
I!?flfl < 0.066 /g~R1 < 0.033

lgfR I < 0.12.5 lyYRl < 0.060

<0.89 /glL I < 0.110

< !3!23f; !&I < 0.888
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TABLE III. Experimental upper limits on some lepton family member

nonconserving processes.

90?10c.1.upper limits cm

the branching ratio (for

p+e - + p ‘e+ on the

probability ~(~), c!efined

Process in the text) Reference

P+ C-r 4.9 x 10-11 68

p + e7y 7.2 X 10-11 68

p - eee 1 x 10-’2 69

p+ ~ e+ FcvP 0.098 34

p+e - 4 p-e+ 2 x 10-6 70

Ti 4.6 X 10-12 72

P--e- pb 4.9 x 10-’0

{

72

s 7 x 10-11 ’73

ml

Ti 1.7 x 10-10

{

72

P--e+ ~ 9 x 10-’0 73

“Cu 2.6 X 10-0 74
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